Based on the complexity and difficult understanding on low-temperature resistivity minimum in manganites, the effect of ferroelectric-poling-induced strain on Kondo-type transport behavior was systemically investigated as a function of magnetic field for La 0.7 Ca 0.15 Sr 0.15 MnO 3 manganite thin films grown on ferroelectric 0.67Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.33PbTiO 3 ͑PMN-PT͒ single-crystal substrates. The results show that the lowtemperature resistivity upturn is mainly caused from quantum correction effects driven by electron-electron interaction and inelastic scattering. Whether the PMN-PT substrate is in unpoled or poled state, the temperature where the resistivity shows an upturn near 15 K shifts to a higher temperature under magnetic field. The ferroelectric poling induces a reduction in the in-plane tensile strain and thus the lattice distortion of the film, which suppresses the resistivity upturn. These prove that the local lattice distortion relevant to the strain of the film is one of the main disorders that influence the resistivity upturn. The present results will be meaning to understand the physical mechanism of Kondo-type behavior at low temperature in colossal magnetoresistance manganites.
I. INTRODUCTION
In perovskite manganites, the low-temperature resistivity minimum with a Kondo-type behavior has been widely studied both experimentally and theoretically. As it is well known, this Kondo-type behavior at low temperature is very complex and has not far been understood. It is said that the research about the low-temperature resistivity minimum is still under debate due to the complex of manganites system. So far, in order to explain these interesting and abnormal phenomena, various models have been proposed in terms of several different mechanism, such as spin-polarized tunneling through grain boundaries, Kondo-type effect due to spin disorder, and quantum corrections effect including e-e interaction enhanced by disorder and weak localization effect. Whereas from experiments, most obtained results include various factors above and strongly depend on the experimental sample's form. Thus, it is very important to investigate intrinsically the different and single factor which is related to the low-temperature resistivity minimum. In this process, it will be important to find the experimental sample with a single factor induced to low-temperature resistivity minimum and it was found that the magnetic fields have different effects on the low-temperature resistivity upturn for polycrystalline samples and thin films, and was attributed to different electronic conduction mechanisms in polycrystalline samples and thin films. The low-temperature resistivity minimum and upturn in polycrystalline samples was found to be suppressed by magnetic field and was interpreted in terms of the intergrain spin-polarized tunneling through grain boundaries. [1] [2] [3] The intergrain tunneling model was experimentally confirmed by Rozenberga and co-workers 1,2 and Xu et al. 3 The low-temperature resistivity upturn in intrinsically disordered ͑e.g., magnetic/charge phase separation͒ samples [4] [5] [6] was attributed to the Kondo-type effect which was previously observed in dilute magnetic alloys. 7 It is noteworthy that Lee et al. 8 theoretically pointed out the possible presence of quantum corrections to conductivity ͑QCC͒ in manganite single crystals and thin films. [9] [10] [11] [12] Maritato et al. 13 studied the effects of thickness ͑t͒ on the lowtemperature ͑Ͻ60 K͒ transport properties of La 0.7 Sr 0.3 MnO 3 ͑3.5Յ t Յ 40 nm͒ thin films, and found that the resistivity upturn appears with decreasing film thickness and interpreted this phenomena as due to the QCC effect which corrects the resistivity from two sources: ͑1͒ electron-electron ͑e-e͒ interactions enhanced by disorder and ͑2͒ weak localization effect due to the finite dimensions of the systems. Mukhopadhyay et al. 12 studied the coexist of quantum corrections and intergranular transport on La 0.67 Sr 0.33 MnO 3 and Nd 0.67 Sr 0.33 MnO 3 thin films and ascribed it to e-e interaction in two dimensions. For manganite thin films, it is possible to study the QCC effect by varying different parameters ͑e.g., magnetic field and strain͒ which play important roles in determining the low-temperature electronic conduction mechanisms.
Although the substrate-induced lattice strain effect in manganite thin films has been studied extensively, a quantitative understanding of substrate-induced lattice strain effect is still needed from physical understanding viewpoints. As is known, the oxygen content, defects, and structural disorder strongly influence the properties of manganite thin films, [14] [15] [16] and it is quite difficult to prepare thin films with the same oxygen content, defects, and microstructure, irrespective of their thicknesses. In order to obtain the intrinsic effects of the substrate-induced strain on the resistivity upturn at low temperatures, the extrinsic effects induced by the abovementioned variables ͑e.g., oxygen nonstoichmetry͒ have to be excluded. Recently, Thiele et al. 17 and Zheng et al. 18 reported that the strain state of manganite thin films epitaxially grown on ferroelectric ͑1−x͒Pb͑Mg 1/3 Nb 2/3 ͒O 3− xPbTiO 3 single-crystal substrates can be in situ dynamically modulated via ferroelectric poling or the converse piezoelectric effect. 17, 18 In this work, we obtained an ideal sample with low-temperature resistivity minimum resulted from single factor, i.e., quantum correction effect. Here, the poling intrinsically modifies the strain state of the La 0.7 Ca 0.15 Sr 0.15 MnO 3 ͑LCSMO͒ and thereby alters e-e interaction enhanced by disorder underlying the resistivity upturn. This is an interesting and direct method to examine such quantum correction effect. The effects of the strain induced by the ferroelectric poling on the resistivity upturn give a direct evidence of the quantum correction effect at low temperature for manganite thin films. The effects of magnetic field and ferroelectric-poling-induced strain on the low-temperature resistivity upturn were systemically studied for epitaxial LCSMO thin films grown on the ferroelectric 0.67Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.33PbTiO 3 ͑PMN-PT͒ single-crystal substrates. The ferroelectric poling in situ induces an inplane compressive strain in the PMN-PT substrate, which modifies the strain state and hence the resistivity upturn of the LCSMO film. The correlation of the ferroelectric poling strain with low-temperature resistivity minimum was also given. This result will be meaning to understand the physical mechanism of low-temperature resistivity minimum.
II. EXPERIMENTAL DETAILS
LCSMO films were deposited on the ͑001͒-oriented and polished PMN-PT substrates using dc magnetron sputtering. 19 The deposition was carried out in an argonoxygen flow with 60% Ar and 40% O 2 at a pressure of 5 Pa. The substrate temperature was kept at 700°C during deposition. After deposition, the films were cooled to room temperature and postannealed in 1 atm of flowing O 2 at 700°C for 30 min using a rapid thermal processor furnace. The thickness of the films is estimated to be ϳ100 nm. X-ray diffraction ͑XRD͒ patterns of the PMN-PT substrate and LCSMO film were recorded using a four-circle Bruker D8 Discover x-ray diffractometer equipped with Cu K␣1 radiation. The results indicate that the films are c-axis preferentially oriented and have no secondary phases. The inset ͑a͒ of Fig. 1 is a schematic diagram of the LCSMO/PMN-PT structure and the electrical measurement circuit. A physical property measurement system ͑PPMS, Quantum Design͒ was used to measure the resistivity of the film between the two top-top gold electrode in the temperature range 2-35 K and in a magnetic field ͑up to 8 T͒ applied parallel to the film plane. The poling of the PMN-PT substrate was achieved by applying a dc poling field E to the LCSMO/PMN-PT structure through the LCSMO film ͑top electrode͒ and the bottom gold electrode. Figure 1 displays the temperature dependence of the resistivity for the LCSMO film when the PMN-PT substrate is in unpoled state ͑referred to as P r 0 ͒ and positively poled state ͑referred to as P r + ͒, respectively. It can be seen that the ferroelectric poling causes the insulator-to-metal transition temperature T P shifts from 252 to 262 K and reduces the resistivity in the whole temperature range. Whether the PMN-PT substrate is in P r 0 or P r + state, when a magnetic field is applied, T P increases and resistivity decreases, exhibiting the typical electrical behaviors of CMR materials. The inset ͑b͒ of Fig. 1 shows the XRD patterns of the LCSMO͑002͒ reflection when the PMN-PT substrate was in P r 0 or P r + state, respectively. The results indicate that, associated with the ferroelectric poling, the LCSMO͑002͒ reflection shifts from 47.18°to 47.13°, corresponding to an increase in the lattice constant c from 3.8497 to 3.8535 Å, with the latter value still smaller than that ͑c ϳ 3.8878 Å͒ of the LCSMO ceramic target. With respective to the strain state of the LCSMO film when the PMN-PT substrate is in P r 0 state, the in-plane tensile strain of the LCSMO film is reduced due to the ferroelectric poling. Such a change in the strain state of the film would reduce the tetragonal distortion of the MnO 6 octahedra, and thus reduces the electron-lattice coupling strength, thereby favoring the active hopping of electrons.
III. RESULTS AND DISCUSSION
19-21 Figure 2 shows the resistivity ͑͒ of the LCSMO film as a function of temperature ͑T͒ at various magnetic fields in the temperature range from 2 to 35 K when the PMN-PT substrate is in P r 0 or P r + state, respectively. All -T curves show resistivity minimum at T min , which can be more clearly seen from Fig. 3 where the resistivity was normalized to that at 35 K. It is worth noting that, the resistivity upturn is strongly enhanced by the applied magnetic field and T min shifts to a higher temperature for both P r + and P r 0 states. As is known, for an intrinsically disordered system, the low-temperature resistivity is significantly affected by QCC, resulting from the weak localization effect and the e-e interaction. 10 The total resistivity of the system in the first-order correction is given by ͑T,H͒ = 0 + m ͑T,H͒ − 0 2 ͓ ee ͑T,H͒ + wl ͑T,H͔͒ ͑1͒
with 0 ͑ 0 =1/ 0 ͒ is the residual resistivity, 0 is the residual conductivity, m ͑T , H͒ represents the magnetic resistivity contributed from the anisotropic magnetoresistance and magnon scattering, wl and ee are the conductivity due to the weak localization effect, and e-e interaction enhanced by disorder, 10 respectively. Generally, weak localization is expected to be negligible for two reasons. First, the weak localization results from the interference of complementary electron waves. However, the phase coherence of electron waves has already been destroyed by the strong spontaneous ferromagnetic field in these compounds. 22, 23 Second, Maritato et al. 13 observed that the weak localization effect plays an increasingly important role in influencing the low-temperature resistivity upturn only for very thin films ͑t Ͻ 20 nm͒. For our sample, the film thickness is about 100 nm, which is relatively thick. According to Refs. 10 and 24, the weak localization effect can be easily suppressed by the application of a magnetic field. It is said that the dependence of low temperature resistivity on applied field is in accordance with previous studying in which the electron-electron interaction enhanced by disorder is dominated. So the weak localization effect can be deviated with it whereas the electron-electron interaction enhanced by disorder plays a key role.
Next, let us analyze the e-e correction model at low temperatures. In general, the resistivity at low temperatures can be described by ͑T,H͒ = el ͑T,H͒ + in ͑T,H͒, ͑2͒
where el and in are the resistivity contributed from elastic ͑electron-impurity and Coulomb interaction͒ and inelastic ͑e.g., electron-phonon interaction, electron-magnon interaction͒ scattering, 1 respectively. According to the theory of e-e correction to the residual conductivity in three-dimensional systems developed by Altshuler et al., 25 the conductivity due to elastic scattering can be expressed as el ͑T,H͒ = 0 + ␦ ee ͑T,H͒,
͑3͒
where ␦ ee ͑T ,0͒ = 0.0309
where D is the carrier diffusion constant. So, Eq. ͑3͒ can be expressed as 1, 2 el ͑T,H͒ = 0 − a ͱ T.
͑4͒
The resistivity due to quantum correction, resulting from the combined effect of e-e interaction and disorder, gives T 1/2 term and a = 0.0309A 0 2 e 2 / ប. On the other hand, the resistivity due to the inelastic scattering can be expressed as
Substituting Eqs. ͑4͒ and ͑5͒ into Eq. ͑2͒, the total resistivity ͑T , H͒ can be obtained as
Using Eq. ͑6͒ and taking p =2, 1, 22 we fitted the temperature dependence of the resistivity under different magnetic fields shown in Fig. 2 . The values of the fitting parameters obtained are shown in Table I The e-e interaction is only weakly dependent on magnetic field since the resistivity minimum still remains under a high magnetic field of 8 T. As is known, the conductivity due to e-e interaction under magnetic field can be expressed as
where g 3 ͑h͒ is a function of the argument h = g B 0 H / ͑k B T͒ and can be computed numerically and is a positive constant. 8, 10 So the e-e interaction would result in a positive magnetoresistivity. This could be understood in terms of magnetic-field-induced suppression of inelastic scattering whereas the elastic scattering is hardly affected by the magnetic field. This is consistent with the theoretical predictions by Rana et al. 11 who showed that T min increases with increasing magnetic field.
From the above discussion, the e-e interaction enhanced by disorder is possibly the main cause of the resistivity upturn at low temperatures. One of the disorders could be the random potential fluctuations due to different charge and sizes of the La 3+ , Ca 2+ , and Sr 2+ ions. 26 The other one could be the strain-induced lattice distortion. In the presence of orbital degree of freedom, there are two degenerate orbital, i.e., 3d x 2 −y 2 and 3d 3z 2 −r 2, of the e g electron on each Mn site if the JT distortion is absent. Thus the orbital disorder leads to an additional off-diagonal disorder in the effective hopping integrals. 27 We now focus on the influence of ferroelectric-polinginduced strain on the QCC at low temperatures for the LCSMO film. Figure 4 shows the normalized resistivity ͑T͒ / ͑35 K͒ under H = 0 and 8 T when the PMN-PT substrate is in P r 0 and P r + state, respectively. It can be seen that the resistivity upturn is suppressed by the ferroelectric poling. For both states, we found similar variation in T min with magnetic field H, which is particularly prominent at high magnetic field. According to Ref. 28 , the ferroelectric poling reduces the in-plane tensile strain and thus the lattice distortion of MnO 6 octahedra of the LCSMO film. This would reduce the orbital disorder, thereby suppressing T min and resistivity upturn.
We now discuss the fitting parameters shown in Table I . One can find that 0 and b is decreased by the applied magnetic field while a is increased. The parameter a which represents the e-e interaction enhanced by disorder for P r 0 state is larger than that for P r + states. b for P r 0 state is slightly higher than that for P r + state. This indicates that the lattice distortion is one of the disorders that influence the low temperature upturn significantly. Using the Einstein formula 0 = e 2 N͑E F ͒D, 8 the values of electron diffusion constant D and density of state E F are calculated and also shown in Table I . As can be seen in Fig. 2 , the theoretical fits are in quantitative agreement with the experimental data. The values of D for the LCSMO film is close to those of La 0.7 A 0.3 MnO 3 ͑A: Ca, Sr, and Ba͒ manganites 22 but is much smaller than those of normal metals ͓e.g., Cu ͑D Cu ϳ 2.2ϫ 10 2 cm 2 / s͒, indicating that the charge carriers of the LCSMO films have a lower diffusivity than those of metals. It is known that strong e-e interaction can result in a change in the density of state near the Fermi energy, which has been suggested for the possible origin of the low-temperature resistivity upturn. In our samples, N͑E F ͒ for P r + state is larger than that for P r 0 state. The scattering amplitude interferes coherently, leading to an increased Coulomb coupling in the density of state at the Fermi energy. Our results demonstrate that the e-e interaction enhanced by disorder may play an important role in determining the resistivity upturn at low temperatures. The effects of the strain induced by the ferroelectric poling on the resistivity upturn give a direct evidence of the QCC effect at low temperatures for manganite thin films.
IV. SUMMARY
In order to understand the complex behavior of Kondotype resistivity minimum at low temperature, the effects of the ferroelectric-poling-induced strain and magnetic fields were systemically studied for the low-temperature resistivity upturn of La 0.7 Ca 0.15 Sr 0.15 MnO 3 thin films grown on ferroelectric PMN-PT single-crystal substrates. For P r 0 and P r + states, T min shifts to a higher temperature under magnetic field. Whether the film is under a low or high magnetic field, the ferroelectric poling suppresses the low-temperature resistivity upturn of the film, which is interpreted as due to straininduced reduction in the local structural disorder. We explain the low-temperature resistivity upturn in terms of QCC effect originating from inelastic scattering and electron-electron interaction enhanced by disorder which is closely related to the local lattice distortion relevant to the strain induced by ferroelectric poling. This is an interesting and direct method to examine such quantum correction effect. The effects of the strain induced by the ferroelectric poling on the resistivity upturn give a direct evidence of the QCC effect at low temperatures for manganite thin films.
